Increases in species diversity and density from higher to lower latitudes are well documented. Nevertheless, the consequences of these changes in diversity for structuring ecological communities and influencing biotic evolution are largely unknown. It is widely believed that this increase in species diversity is associated with increased intensity of ecological interactions closer to the equator. For plant-herbivore interactions in particular, the predictions are that, at lower latitudes, plants will be attacked by more individual herbivores, more herbivore species, and more specialized herbivores and, therefore, will suffer greater damage. We used a large-scale latitudinal transect from Mexico to Bolivia to quantify changes in leaf damage, diversity, and abundance of lepidopteran larvae on two widely distributed host species of the genus Piper (Piperaceae). We show that both density and species richness of herbivores were highest at the equator and decreased with increasing latitude, both northward and southward. Contrary to expectation, however, this increase in herbivore diversity was attributable to the addition of generalist not specialist species. Finally, and again contrary to expectation, the increase in herbivore density with decreasing latitude did not produce a corresponding damage gradient. We propose that the lack of a latitudinal concordance between increases in herbivore density and diversity with decreasing latitude, and the resulting herbivore damage, supports the hypothesis of better plant antiherbivore defenses at lower latitudes. Furthermore, the changes in the relative abundance of generalist vs. specialist species suggest that the nature of the selective pressure is intrinsically different between higher and lower latitudes.
herbivory | latitudinal gradient | Lepidoptera T he vast body of qualitative and quantitative evidence on changes in species diversity across the latitudinal gradient has raised much speculation on the possible ecological and evolutionary consequences of this pattern. A longstanding hypothesis in community ecology predicts that, as species diversity and species abundance increase, the intensity and frequency of ecological interactions between species increase (1). Therefore, competition, predation, and parasitism are all thought to be more intense at lower latitudes (1, 2) . Similarly, current theory predicts that this increase in species interactions at lower latitudes imposes strong natural selection for mechanisms that will reduce the intensity or frequency of negative interactions. As a result, species at lower latitudes are likely to have higher levels of specialization to lessen competition and greater defenses to reduce predation (2) . For plant-herbivore interactions in particular, it is expected that at lower (tropical) latitudes, abundance and species richness of insect herbivores will be higher, and, therefore, lower latitudes will also have more specialized herbivores and plants will suffer greater biomass loss to herbivory (3) (4) (5) . Consequently, this herbivore species latitudinal gradient is likely to impose stronger herbivore pressure on plants at lower latitudes (6) (7) (8) .
Herbivore pressure can be defined as the strength of natural selection imposed by herbivores for plant phenotypes that have greater fitness in the presence of those herbivores. Herbivore pressure is expected to increase with greater tissue loss when damage reduces growth and reproduction (quantitatively) (9) but also with changes in the identity of the herbivore species (qualitatively) (7) . Increased number of species attacking a given plant host should result in a qualitatively different set of selective pressures compared with attack by fewer species because each herbivore reacts idiosyncratically to the defensive arsenal of a plant and may, therefore, influence plant fitness in different ways (10) (11) (12) (13) . From the point of view of the plant, each combination of traits embodied by a specific herbivore species may represent an additional and potentially unique evolutionary hurdle that the plant may need to overcome and may be manifested as a tradeoff in defense allocation.
Furthermore, to accurately assess qualitative changes in herbivore pressure, it is not only critical to document the taxonomic identity of the herbivores but also to examine patterns of host use by those herbivores (e.g., whether the herbivores are specialists or generalists) (14) . Because specialists are likely to be better-adapted to specific qualitative defense compound types such as alkaloids, and generalists are expected to be better equipped to overcome quantitative digestibility-reducing compounds like polyphenols, current theory predicts that specialist and generalist herbivores will exert different and perhaps contrasting selective pressures (14) (15) (16) .
Herbivore pressure traditionally has been measured as the amount of tissue loss to herbivores, overlooking the identity of the herbivores causing that damage. We argue that neither by itself is sufficient to characterize the selection pressure imposed by herbivores; measuring total damage alone does not reveal the identity of the causative agents, and simply identifying the herbivore fauna is insufficient because total tissue loss is not always related to the number of insect species causing that damage (17) . Moreover, different herbivore species often create different patterns of damage because of species-specific differences in size, phenology, and feeding behaviors, resulting in differential effects on growth and reproduction (18, 19) .
Despite an abundance of theoretical work, few studies have systematically explored the consequences of the latitudinal diversity gradient on plant-herbivore interactions and none has quantified both quantitative and qualitative changes in herbivore pressure within the tropical realm (6) . Finally, no studies of terrestrial systems have included sites from both sides of the equator (20) .
Here, we used a large-scale latitudinal transect from Mexico to Bolivia to quantify changes in diversity and abundance of lepidopteran larvae on two widely distributed host species, Piper aduncum and Piper aequale (a pioneer and a primary forest species respectively). Piper (Piperaceae) is a genus of shrubs, vines, and small trees represented by some 1,500 species in the New World (21) . Piper represents a common and diverse component of Neotropical wet forest understories, with up to 64 species in a single lowland forest location (22) .
Each host-plant species was sampled in five locations distributed along the latitudinal gradient (Los Tuxtlas, Mexico, 18°n orth; La Tirimbina, Costa Rica, 10°north; Jatun Sacha,
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Ecuador, 0°; Yanamono, Peru, 3°south; Madidi, Bolivia, 15°s outh). Herbivores were collected, reared to adults, and then classified into three categories depending on their diet: true specialists, herbivore species that feed on only one host plant species (in this case P. aduncum or P. aequale); genus specialists, herbivores that feed on two or more plant species from the genus Piper; and generalists, herbivores that feed on two or more host species from different plant families. In addition, we assessed the amount of leaf area removed by herbivores on each sampled Piper plant. Finally, we quantified their average leaf toughness as a measure of leaf mechanical defenses.
Results and Discussion
We found that total herbivore species richness per square meter of foliage sampled increased significantly with decreasing latitude (F = 12.81, P < 0.0001 for P. aequale; F = 8.35, P = 0.0001 for P. aduncum) ( Fig. 1 and Table S1 ). Additionally, herbivore diversity was additive approaching the equator, because most species of herbivores found at higher latitudes were also found at lower latitude sites but not vice versa. Thus, patterns of increasing insect herbivore species at lower latitude, documented previously at the community level (4), are mirrored by those at the individual plant level for these two species of Piper. The three diet categories of herbivores showed different latitudinal patterns in species richness. Contrary to expectation, categories with a wider taxonomical diet breadth had a higher rate of increase toward the equator than did specialists ( Fig. S1 and Table S1 ). True specialist herbivore species richness did not change with latitude. Only one true specialist herbivore species (Eois; Geometridae) was found per host plant and both of these herbivore species were found at all sites. Genus specialists increased with decreasing latitude; however, most differences in total species richness between sites were attributable to an increase in generalist herbivore diversity between the high-latitude sites (Mexico and Bolivia) and Ecuador. Notably, the gradients of herbivore richness held true for both sides of the equator (Fig. 2) .
Density of lepidopteran larvae per square meter of leaf area increased with decreasing latitude (F = 4.76 and P = 0.0046 for P. aduncum; F = 9.17 and P < 0.0001 for P. aequale). This latitudinal trend held true for all categories of herbivores except the P. aequale specialist, which showed a nonsignificant decrease in density at lower latitudes (Fig. 2, Fig. S2 , and Table S1 ). Total herbivore density was 200% higher at the equator for P. aequale and 400% higher for P. aduncum compared with the high-latitude sites. Our data concur with a recent study of temperate saltmarsh plants that showed an increase of one to two species of herbivores with decreasing latitude, and this increase was also attributed to generalists (7) .
With the exception of the specialist herbivores of P. aequale, the three diet categories of herbivores showed a pattern of increased species densities at lower latitudes. For both Piper species, genus specialists and generalist herbivores showed a significant increase in species densities at lower latitudes (Table S1) . However, in contrast to the pattern found for species richness, genus specialists showed the greatest increase in species density with decreasing latitude (Fig. 2) . All gradients of herbivore abundance also held true for both sides of the equator (Fig. 2) . These strong latitudinal patterns of herbivore numbers, herbivore diversity, and changes in the average diet breadth of the herbivore community (specialist vs. generalists) are consistent with the existence of stronger qualitative herbivore pressure at lower latitudes within the tropical realm.
To test the general relationship between herbivore abundance and leaf damage, we first analyzed the data independently of latitude (pooling together all data from all populations). After a correlation analysis, we found that herbivore abundance significantly 3 . Visualization of the latitudinal changes in species diversity of the most common lepidopteran herbivores found feeding on P. aduncum and P. aequale. Bubble size represents the abundance of herbivores of a particular family at each latitudinal site (hebivore individuals per 100 m 2 of leaf area). Numbers inside bubbles are the number of species of a particular family at each site. Vertical bars above represent the percentage of the total abundance of herbivores accounted for by each taxonomic family per plant host (light green: P. aduncum; dark green: P. aequale). In the "latitudinal trends" box, horizontal bars represent changes in total herbivore species richness across the latitudinal gradient. The pie charts show the mean percentage of herbivore damage at each latitudinal site (dark green: undamaged leaf area; light green: leaf area removed by lepidopteran herbivore).
explained 37% of the variation in herbivore damage for P. aduncum (n = 40; P = 0.0001) and 14% for P. aequale (n = 40; P = 0.019). Furthermore, when analyzed independently, each one of our latitudinal sites also showed a significant positive relationship between herbivore density and herbivore damage. Nevertheless, sites at lower latitudes had smaller regression slopes than sites at higher latitudes ( Fig. S3 and Table S2 ). An identical pattern was found for herbivore diversity (Fig. S3 and Table S2 ). However, we did not find significant differences in herbivore damage per site for either Piper species hosts, despite the changes in herbivore richness and density across the latitudinal gradient (F = 0.33 and P = 0.85 for P. aduncum; F = 1.48 and P = 0.23 for P. aequale; Figs. 1 and 3 and Table S1 ). This lack of latitudinal trend in damage, coupled with greater density of herbivores at lower latitudes, suggests that the contribution each individual herbivore made to total leaf area damage was smaller at lower latitudes.
Although several studies have shown differences in herbivore leaf damage between high and low latitudes (6), most report small differences, between 0.5 and 7 percentage points. These previous comparisons have been made without controlling for herbivore or plant taxa, leaving uncertain the relative importance of site (latitude) vs. phylogeny for damage estimates. In addition, a recent metaanalysis (20) found no significant relationship between latitude and herbivore damage for 38 latitudinal comparisons. When we controlled for phylogeny (by using the same widespread species of host plants), we found no differences in damage levels either north or south of the equator (Fig. 1) .
Despite the fact that our data show no significant changes in quantitative herbivore pressure (leaf damage), it is likely that the higher herbivore species richness and the additional number of taxonomic families of lepidopteran herbivores found at lower latitudes ( Fig. 3 and Tables S1 and S3) translate into greater qualitative herbivore pressure closer to the equator. The distinct evolutionary makeup of each additional herbivore lineage is likely to influence the response of that particular taxon to the mechanical and chemical defenses of its host (11) . Piper aequale in Ecuador was attacked by caterpillars from four families not found on that plant species in either Mexico or Bolivia, and P. aduncum by seven additional families ( Fig. 3 and Table S3 ). Furthermore, the increment in the abundance and diversity of generalist species suggests that the nature and evolutionary direction of the herbivore pressure at lower latitudes is significantly different from that at higher latitudes. Within this context, it is possible that the additional herbivore pressure imposed by generalists could increase the relative abundance, diversity, and efficiency of qualitative defense compound types such as piperamides (23) at lower latitudes. If this holds true, this could help explain the reduction of the relative effect that herbivores have on leaf damage at lower latitudes found in this study.
We argue that the lack of concordance between the latitudinal changes in herbivore density and diversity and the resulting herbivore damage supports the long-standing hypothesis of better plant antiherbivore defenses at lower latitudes (1, 6, 8, 24) . These changes in palatability could be the result of latitudinal variations in leaf quality (6), or specifically, local plant host adaptation in terms of (i) higher concentration of secondary compounds, (ii) locally endemic secondary chemicals, (iii) increased indirect defenses (e.g., ant-plant mutualisms), or (iv) greater structural defenses. Average leaf toughness also did not differ among sites, suggesting that possible differences in leaf palatability are likely associated with leaf chemistry (P. aduncum: F = 1.1417, P = 0.3531; P. aequale: F = 0.2247, P = 0.92; Fig. S4 ). Nevertheless, changes in leaf palatability alone do not successfully explain the apparent paradox of higher herbivore abundances without higher leaf damage.
A potential explanation for this paradox is a decrease in the herbivore-feeding performance (25, 26) across the latitudinal gradient attributable to higher parasitism rates. Previous attempts to find latitudinal gradients in herbivore parasitism have met with mixed results (2). In our study, percentage of parasitism of reared caterpillars increased from 3.20% in Mexico to 8.05% in Costa Rica, and then again to 9.93% in Ecuador (n = 125, 298, and 292, respectively), lending support to this hypothesis. Another possible explanation is a latitudinal increase in host-plant leaf turnover. With a higher per plant leaf turnover at lower latitudes, the observed estimates of herbivore damage would underestimate the actual amount of leaf area removed per unit time. However, recent studies have shown that when leaf longevity is taken in account when comparing herbivory rates between low and high latitudes, leaf damage is equal or more intense at higher latitudes (27) (28) (29) . Finally, this pattern could be the result of reduced body size and, therefore, reduced lifetime leaf tissue consumption per herbivore, at lower latitudes (e.g., Bergmann's rule) (30, 31) .
Contrary to expectations, our findings do not support the hypothesis that a particular host-plant species will have a more abundant or a more diverse array of specialist herbivores at lower latitudes. Instead, we found that increases in herbivore species richness at lower latitudes were attributable to the addition of generalist herbivore species. It is likely that as plant species diversity increases toward the equator, the relative abundance of any given host plant decreases. This scenario will likely make it difficult for specialist herbivores to find their specific host, while giving an ecological and evolutionary advantage to an herbivorous insect with a generalized diet (32) . Nevertheless, we recognize the existence of an evolutionary conundrum for herbivores at lower latitudes. Although increasing host-plant diversity likely makes a generalist diet beneficial, the increasing diversity and abundance of herbivores will generate strong selection for narrower diet breadths to reduce intraguild competition.
Although we found that generalist and not specialist herbivores contributed to higher herbivore species richness at lower latitudes, we cannot draw any clear conclusions about possible patterns of herbivore specialization across the latitudinal gradient (3, 5) . Our study was not designed to exhaustively measure herbivore diet breadth. Thus, it is possible that generalist herbivores are more "specialized" at lower latitudes in terms of the number of host plant species on which they feed (3). We did find a significant correlation between richness of genus specialist species and the number of local Piper species (r 2 = 0.7; P < 0.002), lending support to the hypothesis that latitudinal changes in herbivore species richness mirror changes in plant host diversity (5) .
We acknowledge that any changes in plant-herbivore interactions across the latitudinal gradient are likely attributable to multiple evolutionary and ecological factors, including changes in predator abundance (33) and in the surrounding plant community structure (32, 34) . However, our analysis is based on herbivores found feeding on their host. Thus, processes that could change the encounter rate between herbivore and host will not have a major effect on our results.
Conclusions
Overall, we found support for the hypothesis that plants suffer greater herbivore pressure at lower latitudes. Despite the lack of significant differences in quantitative herbivore pressure across latitudinal sites, the increase in herbivore diversity and abundance are likely to generate a comparable increase in the selective pressure that herbivores inflict on their host plants. Furthermore, changes in the relative abundance of generalist vs. specialist herbivores suggest that the selective pressure imposed by insect herbivores on plants is likely to be significantly different between higher and lower latitudes. leaf and every branch of each plant were carefully searched for lepidopteron larvae. When a larva was found, it was collected, identified, and cataloged (SI Text). All herbivore specimens were photographed to compare the species between populations and sites (photographs of herbivores are available upon request). Additionally, all other Piper and most common non-Piper species at each site were also explored for herbivores to assist in the determination of diet breadth of the herbivores feeding on P. aduncum and P. aequale. To standardize herbivore abundances and species diversities, we counted the total number of leaves present on each Piper plant of the herbivore census. Finally, we also assessed the average leaf area of each Piper population.
Herbivore Data. All herbivores collected during the census were placed in plastic bags (30 × 30 cm) with fresh plant material from either P. aduncum or P. aequale. The bags were placed in improvised rearing facilities at ambient temperature and protected from direct sunlight. Bags were checked daily to remove frass and to add new leaf material as needed. All bags with pupated larvae were marked and followed. Once emerged, butterflies and moths were photographed for later identification.
Herbivore diet breadth was assessed using three main strategies. First, if specimens of herbivore species were abundant at the site, no-choice feeding trials were implemented in the field. Herbivores were placed in plastic bags with the two most abundant Piper species (excluding the two target species) and the two most abundant non-Piper plant species at the site. Successful feeding was recorded when herbivores fed on the new host as larvae completed pupation. Secondly, general herbivore censuses were carried out with 30-m transects along trails at each latitudinal site. No less than seven transects were performed at each site. At each transect, all plants within 3 m of the trail were searched and all caterpillars found were collected and compared with the one found feeding from the two target species. Finally, to confirm the results of the two previous strategies and to assess the diet breadth of the abundant caterpillar herbivores, we carried out an extensive literature and database review (SI Text).
Plant Data. Herbivore damage on the two Piper species was assessed visually. To reduce possible error on the assessment of herbivory, a training period was carried out before the first herbivore census. Visual assessments of herbivory followed by actual measurements of leaf area (using image processing and analysis software, ImageJ; http://rsbweb.nih.gov/ij/) allowed us to compare, correct, and standardize visual assessments. Additionally, extensive research has been done on the patterns of herbivore damage on Piper species (35) . This research allowed us to discriminate most of the herbivore leaf damage caused by lepidopteran herbivores from the damage caused by nonlepidopteran herbivores and leaf pathogens. All herbivory estimates on this study are limited to damage caused by lepidopteran larvae, as much as possible (Fig. S6) .
To assess changes in leaf toughness between Piper populations and latitudinal sites, we randomly collected 30 fully expanded leaves of both Piper species from every population. Only fully expanded and the most distal leaves on a growing branch were assessed. To estimate toughness, we used a Wagner Force Dial (FDK 32; Wagner Instruments) to measure the grams of force needed to pierce a 0.5-cm-diameter hole at the center of the leaf but never through a primary or secondary vein. Parasitism levels of caterpillars at the different latitudinal sites were estimated by calculating the percentage of parasitism found across all larval rearing at each improvised rearing laboratory. Parasitism was confirmed by the presence of at least one larva, pupa, or adult parasitoid inside the rearing bag. Dead caterpillars without signs of parasitism were left in their rearing bags for 8 d to allow possible parasitoids to emerge. If no parasitoid emerged before the eighth day, the caterpillar was considered to be free of parasites.
Statistical Analysis. We used one-way ANOVAs to compare herbivore species abundances, species richness, herbivore damage, and leaf toughness among all sites. To contrast the effect of herbivore density and herbivore species richness on leaf herbivory among the latitudinal sites we used linear regression through the origin.
Full methods and any associated references are available in SI Text.
